This study aimed to investigate the effects of probiotics and clay detoxifier on the growth performance, enterotoxigenic bacteria and endotoxins, mucosal barrier, and visceral lesions of broilers fed diets contaminated with aflatoxin B 1 (AFB 1 ). One-day-old Arbor Acres broilers (n = 480) were randomly allocated into 4 groups with 6 replicates of 20 chicks each. Treatments included control, AFB 1 (40 μg/kg), probiotics (AFB 1 + probiotics 3 × 10 10 cfu/kg), and clay (AFB 1 + clay 3.0 g/kg). The trial lasted for 21 days. Results showed that AFB 1 depressed (P < 0.05) feed intake and body weight gain, and the probiotics and clay detoxifier recovered (P < 0.05) the growth performance. Also, the AFB 1 increased (P < 0.05) ileal counts of Clostridium perfringen, Escherichia coli, and Gram-negative bacteria, serum endotoxin and diamine oxidase, and hepatic and intestinal lesions, but decreased (P < 0.05) jejunal mRNA expressions of claudin-1, secretory IgA, and polymeric Ig receptors. Both probiotics and clay detoxifier ameliorated (P < 0.05) these negative effects, except the effects of clay detoxifier on Clostridium perfringen count and intestinal lesion scores, and the beneficial effect of probiotics was greater than that of clay detoxifier. The results suggest that the probiotics are capable of restoring growth performance and ameliorating enterotoxicity in broilers fed diets with AFB 1 contamination.
as a palliative to decontaminate aflatoxins can be a cost-effective strategy [6] . In farm animals, Zeng et al. [7] found that Lactobacillus plantarum promoted gastrointestinal tract microbial homeostasis of broilers exposed to AFB 1 . Fan et al. [8] reported that Bacillus subtilis reduced the damage of AFB 1 on serum parameters, function, and histopathological changes of liver in broilers. However, little is known about how probiotics counteract enterotoxicity of AFB 1 in farm animals. The present study compared the effects of probiotics and clay detoxifier on the growth performance, enterotoxigenic bacteria and endotoxins, mucosal barrier, and visceral lesions of broilers fed diets contaminated with AFB 1 .
MATERIALS AND METHODS

Probiotic Strains, AFB 1 , Clay Detoxifier, and Diets
Probiotic strains included Lactobacillus acidophilus (ACCC11073), Lactobacillus plantarum (CICC21863), and Enterococcus faecium (CICC20430), which are authorized as feed additives by the Announcement of Ministry of Agriculture of China (No. 2045 (No. -2013 . The probiotic strains were obtained from Hongxiang Biological Feed Laboratory at Henan University of Science and Technology (Luoyang, China) and combined equally to reach a supplementing dose of 3 × 10 10 colony-forming units (cfu)/kg of feed.
The AFB 1 was produced using Aspergillus flavus from the China General Microbiological Culture Collection Center (Beijing, China). A total of 40.0 kg of corn meal (mesh size 2.00 mm) was placed in a 200 L container, with 20.0 L of distilled water, and then autoclaved. The medium was inoculated with 1 L of Aspergillus flavus and incubated at 28 ± 1
• C for 7 days. The incubated corn meal was autoclaved to inactivate Aspergillus flavus, dried, and ground (mesh size 0.425 mm) for the animal feeding experiments. The AFB 1 concentration in the moldy corn meal was detected as 3,982 μg/kg. Uncontaminated control corn was replaced by the moldy corn to yield an AFB 1 concentration of 40 μg/kg of diet. The clay detoxifier was hydrated sodium calcium aluminosilicate and was added at 3.0 g/kg at the expense of corn in the formulation [9] . The nutritive values of diet were recommended by Arbor Acres Broiler Management Handbook in China, and diets were stored in a cool, dry, dark, and well-ventilated place and fed as a dry mash. No antibiotics were offered to broilers via either feed or water throughout the trial. The formulation of the basal diet is listed in Table 1 .
Animals and Samples
All the experimental procedures were approved by the Animal Ethics Committee of the Henan University of Science and Technology (Luoyang, China).
A total of 480 female Arbor Acres broilers at one d old was randomly distributed into 4 groups with 6 cages of 20 chicks each. The treatment groups included control, AFB 1 (40 μg/kg), probiotics (AFB 1 + probiotics 3 × 10 10 cfu/kg), and clay (AFB 1 + clay 3.0 g/kg). All chicks were reared in 3-layered cages and given ad libitum access to diets and water throughout the study. The temperature, ventilation, and light regime of the chicken house were managed according to the Arbor Acres broiler management handbook. Birds and feeds in each cage were weighed weekly, and feed conversion ratio (FCR) was adjusted for mortality on a cage basis. All the birds were monitored for general health at least twice a day.
At d 21 of the trial, 6 birds per replicate were randomly selected, weighed, euthanized by CO 2 , and then dissected. Blood was immediately drawn from the heart with a syringe and aliquoted into sterile vials for serum preparation as described by Liu et al. [10] . The liver, duodenum, jejunum, and ileum were collected and scored for lesions on a scale of 0 to 3 [11] . Next, the jejunum was doubled back, and an approximately 1-cm segment from the middle of the jejunum was dissected and stored in RNAlater [12] for gene expression analysis [10] . Approximately 2 g of ileal digesta were collected and stored at −40
• C for gut microflora analysis.
Chemical and Biological Analysis
The concentrations of AFB 1 in the moldy corn and feed were detected according to the Standard of China (GB/T 5009. with an enzyme-linked immunosorbent assay kit [13] .
The enumeration of ileal bacteria was carried out according to the method by Wu et al. [14] with minor modifications. Briefly, approximately 1 g of each ileal digesta was diluted with 9 mL of ice-cold sterile buffered peptone water (0.1%) and homogenized. The suspension of each sample was serially diluted between 10 −1 to 10 −7 dilutions, and 100 μL of each diluted sample were subsequently spread onto duplicate selective agar plates for bacterial counting. The number of cfu was expressed as a logarithmic (log 10 ) transformation per gram of intestinal digesta. Media [15] including Escherichia coli Chromogenic Medium (HB7001), Clostridium perfringens Sulfite Polymixin Sulphadiazine Agar Base (HB0256), and Gramnegative Selection Medium (HB8643) were purchased for the cultivation and numeration of ileal bacteria.
The concentrations of serum endotoxin were measured using a limulus amoebocyte lysate (LAL)-based kit [16] . Briefly, samples and standards were incubated for 10 min at 37
• C with LAL and then for another 6 min with the colorimetric substrate. The internal control for recovery calculation was included in the assessment. The reaction was stopped with 25% acetic acid, and then the absorbance was read at 405 nm. Diamine oxidase activity (1 mL) in serum was examined by a spectrophotometric assay. The diamine oxidase standard (D7876-250) was purchased from Sigma-Aldrich [17] .
Total mRNA isolation, cDNA synthesis, primers synthesis, and qPCR reagents for intestinal samples were carried out using commercial kits according to the description of manuals [13] . The mRNA concentration was determined by the OD reading at 260 nm, and the purity was checked using A260/A280 ratio (1.8 to 2.0) and A260/A230 ratio (> 1.5) on a NanoDrop TM 2000 Spectrophotometer [18] . The mRNA profiles of target genes were expressed as the relative expression to the beta-actin gene. Primer information for qPCR is listed in Table 2 . The qPCR reactions were set at 10 μL with 5 μL of SYBR Green Master Mix, 1 μL of primer, and 4 μL of 10 × diluted cDNA. All qPCR were run in triplicate on the same thermal cycles (50
• C for 2 min, 95
• C for 10 min, 40 cycles of 95
• C for 15 s, and 60
• C for 1 min) on the ABI Prism 7900HT Fast Real-Time PCR System [19] . No amplification signal was detected in water or no-RT RNA samples.
Statistics
Data were analyzed using Univariate ANOVA of the General Linear Model procedure of SAS [20] . Cage and pooled digesta per cage were the experimental unit for growth performance and gut bacteria counting, respectively. The mean of 6 birds per cage was the statistical unit for blood samples and gene expression. Lesions in the liver or intestine were compared using total lesion scores of 6 birds per cage. Differences of variables were separated using the Duncan test at P < 0.05 level of significance, and the Tamhane T2 test was used in the case of equal variances 
RESULTS AND DISCUSSION
Growth Performance and Mortality
Compared to the control diet, AFB 1 contamination decreased (P < 0.05) feed intake (FI) and body weight gain (BWG) and increased (P < 0.05) FCR of broilers (Table 3) . These findings were consistent with reports that broilers fed the diet containing AFB 1 showed poor growth performance or carcass weight [1] [2] 21] . The effect of clay detoxifier in the present study further evidenced that clay as one of physical detoxifiers is effective against aflatoxins in the animal feed industry.
Absorption coupled with biodegradation of AFB 1 by microbes has been shown to be more advantageous than the physical absorption alone in vitro or in mice [4, 5] . However, in the present study, the probiotics showed similar effects with the clay detoxifier on the growth performance of broilers. Although both detoxifiers ameliorated (P < 0.05) the negative effects of AFB 1 on FI, BWG, and FCR, they did not reach (P < 0.05) the levels of the control diet. Additionally, the AFB 1 , probiotics, and clay detoxifier did not significantly affect the mortality of broilers in the present study.
Enterotoxigenic Bacteria and Enterotoxicity
As shown in Table 4 , broilers fed the AFB 1 diet showed the highest (P < 0.05) counts of Clostridium perfringen, Escherichia coli, and Gram-negative bacteria in the ileal digesta. Also, the AFB 1 enhanced (P < 0.05) the levels of serum endotoxins and diamine oxidase, indicating that AFB 1 , to some extent, caused enterotoxicity. The AFB 1 in the gut can affect gut microbiota disequilibration, rapid proliferation of pathogenic microorganisms and increased toxin 
Probiotics included equal amounts of Lactobacillus acidophilus (ACCC11073), Lactobacillus plantarum (CICC21863), and
Enterococcus faecium (CICC20430). 3 Clay was hydrated sodium calcium aluminosilicate. 4 This component was not included.
secretion, and toxin cytotoxicity and genotoxicity in broilers [22] [23] [24] .
The endotoxin is mainly derived from gut enterotoxigenic bacteria, Gram-negative microbacteria, Clostridium perfringen, and Escherichia coli [25] . The elevated endotoxin level can lead to vital organ and circulatory system failure [26, 27] . Diamine oxidase is a sensitive indicator of intestinal barrier function, and its elevated level indicates that the mucosal system is suffering from some injuries [28] . In the present study, the findings that higher endotoxin and diamine oxidase in the AFB 1 diet than the control demonstrated the mucosal damage by AFB 1 , either via bacterial toxins or toxic secondary metabolites.
Importantly, in the present study, the probiotics diet decreased (P < 0.05) the counts of Clostridium perfringen, Escherichia coli, and Gram-negative bacteria, especially for Clostridium perfringen, which was lower (P < 0.05) than that in the control diet. Also, the clay detoxifier reduced (P < 0.05) the counts of Escherichia coli and Gram-negative bacteria, but had no effect on Clostridium perfringen, compared to the AFB 1 diet. Similarly, the probiotics and clay showed protection of enterocytes due to decreasing (P < 0.05) levels of endotoxin and diamine oxidase. The more significant effect of the probiotics on Clostridium perfringen indicated it is a better detoxifier against AFB 1 in contrast to the clay absorbent.
Probiotic bacteria have been purported to do many things, including inhibiting proliferation of harmful bacteria and improving gastrointestinal barrier function [29] . Xue et al. [30] found that probiotics restored the gut microbiota structure and decreased endotoxin secretion in rats. However, in the case of farm animals, literature about probiotics effect on endotoxin is very limited, particularly based on the diet with AFB 1 contamination. Zhang et al. [31] demonstrated that the probiotic Clostridium butyricum decreased serum endotoxin and diamine oxidase in broiler chickens challenged with Escherichia coli. Similarly, Aspergillus oryzae-and Bacillus subtilis-based direct-fed bacteria increased ileal trans-epithelial electrical resistance and decreased colon endotoxin permeability in broilers challenged with coccidial vaccine [32] . The results in present study demonstrated that probiotics are a desirable candidate to counteract enterotoxins in farm animals.
Intestinal Mucosal Barrier and Lesion Scores
The intestinal mucosal barrier markers and lesion scores are shown in Table 5 . Compared to the control diet, AFB 1 down-regulated Enterococcus faecium (CICC20430). 3 Clay was hydrated sodium calcium aluminosilicate. 4 This component was not included.
(P < 0.05) the mRNA levels of claudin-1, secretory (sIgA), and polymeric immunoglobulin receptor (pIgR) in the jejunum of broilers. The inclusion of probiotics and clay detoxifier upregulated (P < 0.05) the mRNA profiles of the 3 genes, but did not reach the levels of the control diet.
Claudin-1 or tight junction represents one mode of cell-to-cell adhesion in epithelial cell sheets, serving as a physical barrier, including to enterotoxin invasion [33] . Research showed that probiotics up-regulated tight junction protein expression in rats [31] and mucin mRNA levels in broilers [33] . Intestinal sIgA reflects the intestinal immunity state [34] , and pIgR facilitates the secretion of the soluble polymeric isoforms of IgA and IgM [35] , and their levels could be elevated by probiotics in broilers [36] or by prebiotics in mice [37] . In the present study, similar effects were found when supplemented with Lactobacillus acidophilus, Lactobacillus plantarum, and Enterococcus faecium in broilers.
Additionally, in the present study, the lesion scores of the liver and intestine were increased (P < 0.05) by the AFB 1 , and decreased (P < 0.05) by the probiotics. The clay detoxifier decreased (P < 0.05) lesion scores in the liver, but not in the intestine, indicating that the probiotics are more effective than clay detoxifier in reducing the incidence of necrotic lesions of broilers. It has shown that AFB 1 plays an important role in predisposing broilers to necrotic enteritis [38] , and the physical detoxifier is protective from necrotic enteritis for broilers exposed to aflatoxins [39] .
Some probiotic strains seem to be a natural guardian for the gut to defend against necrotic enteritis. Jayaraman et al. [40] observed that Bacillus subtilis not only controlled Clostridium perfringens-induced necrotic enteritis, but also improved intestinal health in the broiler birds. Also, Cao et al. [41] reported that Lactobacillus fermentum reduced lesions in chickens with Clostridium perfringens-induced necrotic enteritis. When Clostridium perfringens and AFB 1 are concurrent, the literature about the effect of probiotics on necrotic enteritis is very limited. Compared to clay detoxifier, the fewer lesions in the probiotics group may imply that AFB 1 is partially biodegraded by the probiotics, and this needs further study. It should be noted that probiotics are tools that can be used to modulate necrotic enteritis, but it is largely a secondary bacterial issue with many causes, and there is certainly not a single preventive measure.
CONCLUSIONS AND APPLICATIONS
1. Both probiotics and clay detoxifier showed beneficial regulation in intestinal flora equilibration and enterotoxigenic bacteria, endotoxin secretory, barrier function, and necrotic lesions caused by dietary AFB 1 . 2. The probiotic are more capable than clay detoxifier to counteract enterotoxicity and keep gut health in broilers fed AFB 1 contaminated diets.
